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ABSTR&CT 


A  Mgh  resolution  scanning  Fabry  Perot  interferoseter  was  con¬ 
structed  for  the  purpose  of  spectral  analysis  ot  gas  laser  radiation*  Xfee 
performnce  of  the  interferometer  is  evaluated  and  a  finesse  in  excess  of 
250  is  noted.  Matching  requirements  and  alignment  procedures  for  appli¬ 
cation  of  the  scanning  interferometer  are  suomarized.  The  results  of 
application  of  the  interferometer  to  engineering  problems  a».  laboratory 
measurements  including  visual  display  of  laser  modes,  determination  of 
frequency  stability  and  frequency  drift,  and  studies  of  the  PM  Saser  sys¬ 
tem  are  reported.  High  resolution  photograj^s  of  typical  FH  L^ser  spectra 
are  piresented  showing  a  10  to  1  in^jrovement  over  previous  results  in  the 
program,  thus  emphasizing  the  value  of  such  an  interferometer  to  state  of 
the  art  developments  in  optical  ccmmmications. 
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1.  Introduction 

A*  Genor&l  background  and  purpose  - 

resolution  spectral  analysis  of  laser  radiat;'  \  utilising  Hie 
output  of  gas  lasers  of  the  type  suggested  by  Schalov  and  Tomes  Cl]  and 
initially  realised  experinentally  with  a  zaixture  of  He-Ne  gasses  by  Javan 
and  co-workers  [2],  has  becoese  increasingly  isiportant  as  progress  is  siade 
tovard  the  developoent  of  working  optical  coacsinicaticns  systess*  [3] 
Detailed  knowledge  of  the  relative  aa^litudes,  phases,  nusber  and  distribu* 
tion  of  the  laser  taodes  [4,5,6]  is  both  valuable  and  necessary  in  such 
specialised  studies  as  optical  heterodyning  techniq;ae8,  [7,8]  where  carrier 
and  local  oscillator  frequency  characteristics  oaist  be  well  defined  and 
controlled*  To  understand  and  achieve  controllable  single  frequency  genera¬ 
tion  while  Maintaining  adequate  output  power,  it  is  isq>ortant  to  observe 
carefully  the  structure  and  behavior  of  the  laser  aode  spectrum  during  ex¬ 
perimentation*  This  is  bent  emphasised  by  recent  work  cu  the  developaent 
and  application  of  the  m  lager  concept,  [3,10,11]  where  the  effect  of  in¬ 
ternal  modulation  on  the  laser  output  anst  be  studied  closely  to  determine 
accurate  parameters  and  develop  means  for  reliable  mode  control  [12]  for 
cossunication  requirements* 

The  value  of  the  application  of  a  scsoinirg  Fabry  Perot  interfero¬ 
meter  [13,14] (henceforth  abbreviated  SFPI)  to  spectiral  analysis  and  study 
of  laser  radiation  has  recently  been  emphasised  by  Fork,  Herriot  and 
Kogelnik  [15]*  The  Sin*!  method  provides  visual  inf  oration  of  hi|^  reso¬ 
lution  about  the  mode  spectrum  of  laser  radiation.  Studies  of  mode  spec¬ 
tra  of  laser  radiation  utilising  the  coabication  of  photomixiog  and  RF 
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beat  fre^iency  apectrtta  amlysis  [163  are  aov  cecplexented  asd  ia  ataxy 
lastaixies  surpassed  by  the  SFPI  method  vhich  prorides  a  direct  ttso^ 
lutloo  display  of  tiie  radiation  spectral  characteristics* 

B*  Outline  cf  tiie  Biesis 

Beu'isg  a  ten  veek  association  with  the  Optics  Research  Itepertssat, 
Electroiiics  Defense  Labratories  of  the  Sylraaia  Elcctrcnics  Systems  ia 
Mountain  ?iev,  California »  the  .author  constracted  and  craluated  a  Tt- 
solution  scacnin^  Fabry  Perot  interferoaeter*  Ibis  interferometer  was 
then  applied  to  tiie  study  of  Spectn  Physics  models  131  and  115  laser^  oot* 
puts  tdiile  free  runnisf ,  and  to  the  study  of  the  spectral  cbaraeteristica 
of  the  laser  during  eoqoerisentation  in  tiiat  profram* 

Sections  2  and  3  present  the  basic  theory  of  the  interferoMter 
li^ht  trasssdLttiog  duuaeteristics  and  the  alifsotent  and  satshinf  re<3[aire*> 
Kents  to  obtain  e3q>criBetttal  results  of  the  hi^  resolution  desired*  Sec¬ 
tions  4  and  5  describe  the  interferceeter  construction  and  the  rcrilts  of 
the  eaq^erinental  e/aluation  cnpleted*  Section  6  describes  a  brief  appli¬ 
cation  of  the  SFPl  to  the  study  of  laser  fre^ency  stabilily  diaracteris- 
tics*  the  PM  Laser  concept  is  discussed  in  Section  7  and  as  ^cratinc  aye** 
tea  including  the  appl  ::ation  of  the  SFPl  is  described*  Finally,  hi^ 
resolution  photographs  c  typical  Si  laser  ou^t  spectra  are  ^sested 
and  colored  with  prerious  results  of  Harris  and  Targ  [9]  to  eaphasiae  the 
^ue  of  the  SFPl  to  thir  and  ajty  other  possible  studies  of  laser  radia¬ 
tion  characteristics* 


Spectra  Physics  Corp.  Mountain  View,  California  Data  Sieet  Kos* 
SP1008A-5H1064  and  SP1007B-5Mi064 
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2.  Ghwactdristics  of  tiie  Scwmicg  Fabry  Perot  Interferoaeter 
A*  Tran^nitted  li^t  aE?»litude  for  the  Fabry  Perot  Interferometer 
The  fortaila  for  triosiaitted  light  a^litude  for  the  Fabry  Perot 
interferoaeter  is:  ll7]  "nr* 

A-  -1  ^  m 

^  1  - 

The  follo^^ing  notatiwi  is  used: 

T  and  R  Fresnel  light  intensity  transsdssion  and 

reflection  coefficients 

1  and  A.  transmitted  and  incident  light  w:tor  4y:plitades 
t  X 

^  P^sc  shift  per  single  traTersal 

with: 

JUL  ixKiex  of  refraction 

L  separation  of  the  reflectors 

i*aTelei:gtii  of  incident  light 

$  angle  forated  hj  the  incident  li^t  bean  vithi 
the  Eoraal  to  the  reflector  surface 

Inteasity  of  the  tianjadLtted  light  is  giren  by  ^e  Aiary^s  forstda: 

— — i  =«  =  -IC _ 

X-.  AiAi’'  (i-R)"i-HRs«‘^  • 


This  foisula  is  sore  often  vrittec  in  the  fons: 


k  aodification  of  the  «3q)ression  for  trar^sdttcd  light  intensi^ 
is  necessary  for  instances  rfien  the  reflection  coefficient  R  is  greater 
than  0*99.  Scattering  and  absorbtioD  losses  in  die  multiple  dielectric 
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CMtinft  of  th«  wLrrort  niit  then  be  included 
Eqiuatlon  (3)  is  then  vrittent 


y  viTFiu^v) 


The  reflection  coefficient  R  in  this  case  is  U  a  1  uhew  A 

denotes  the  nbsorbtion  coefficient*  flui  the  re¬ 
duced  considertbljr,  end  ^e  reflection  eoefficiei^c  9_is  al¬ 

tered.  In  the  followinf  ports  of  this  section  'x;vnjs«s).<jk  for 

s  \  \ 

Bitted  lij^it  intensity,  firen  in  Eq.  3,  is  used  dwivi'  .vi<for^ticol  ni¬ 
nes  for  use  in  the  eTslustion  of  the  ehsracteristic«  coaetr»jet- 


E.^  ^epc^intio:^  of  the  Modes 

5n  the  cese  of  non-^onfocol  sphericol  »irr«t*  r«£?on8tors,  ts]  the 
f>A>5.d  )a«^:sv.i<^ns  i'.f  ''''^‘xmoU’s  eqnstions»  sotiefjing  the  boundsrjr  conditions, 
well  dexiafJ  spotinl  distributions  of  the  electrowgjaetic  fields, 
cjUssififd  SF  TEMsnnf.'  C^»5,6J  For  be»:v  use  of  the  mi,  primry  con- 

oijrn  1c  with  the  where  the  tronsrerse  field  distribution  is 

spproxijbstei;^  nxussio'i,.  'is  shown  in  Fig*  1* 


!DSi 


^^f*  1*  Transverse  field  distribution 
of  the  fundsnentsl  TENooq  node, 


For  QortaLl  iscidence,  is  sir,  the  (o^resslon  for  vsTelesgth  as  a  fooction 
of  »ode  Doabcrs  »,  n,  and  q  is  written:  [6] 

^  COS  (l  -  -^) 


(4) 


For  tiic  case  were  Rai*,  and  n  sO^PsO,  one  ob*^ins  q  «  2L,  with  q,  ^e 
arisl  sode  issaher*  uea^iy  of  fee  order  of  sis«aitnde  q^  10^  to  10^-  With 
^  ,  resonance  or  —.TiaoK  lifbt  tranipdssion  is  achiered  according  to 


Fq>  (3)  and  (6)  when  L  ig  an  integral  osjfeer  of  half-wareleai^gths* 

In  ters®  of  freqpencj  it  readily  follows  froe  Eq.  (6)  that: 

ZL 

fhis  is  the  center  freqoeacy  at  idiich  fee  aaxiu  ll^t  trassaisslon  occors 
in  the  interfero«eterc  Separation  in  freqaeocy  between  adjacejit  trass- 
Bdssien  sazifia,  or  resonances,  occors  in  fe*^  carity  at: 


(7) 


~  -k 

Bus  is  a  vdl  knows  [18]  ezpression  for  fee  interferoaeter  free  spec¬ 
tral  ra^e  or  node  freqoeaey  separation,  which  is  identical  to  fee  ex¬ 
pression  for  fee  laser  free  spectral  range  detetsdaed  by  fee  Fabry  Perot 
etalMs  used  as  fee  laser  resonator*  Froa  fee  abore  it  is  readily  sees 
feat  fee  sQuratiott  of  fee  laodes  in  fee  resonant  carity  wife  a  typical  re¬ 
flector  spacing  of  1«  7.5  ca  is  2.0  Gc/a.  Kg.  2  [17]  feowa  fee  rari— 

ation  of  fee  relatlYe  tra  oaitted  light  intensity  vj.  frequency  Y' 

Hi 

as  a  function  of  fee  sdiror  refiectlTitr  E.  Also  shown  in  fig.  2  is  an 
indicatlo&  of  fee  Fabry-Perot  interfero«eter  free  spectral  range  ~  « 

^  W 
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n 

4 


C.  Half-Intensity  width  and  ninimis  light  transmission 

half~intensity  width  2^'/ which  is  shown  in  Fig.  2,  is  derived 
from  Eq.  (3)  lAen  A  ^  s  (1-r).  i.e.,  for  s»all  ^  .  For  &  jarticular  re- 

Z‘rtr 

fleeter  separation  L  one  obtains: 


The  minima  in  transmitted  light  intensity  occur  whenever  the  distance  L 
is  an  odd  multiple  of  quarter  wavelengths,  i.e.,  vdicn  J  r  (2n+l)'“  ; 
(n^,l,2  .  .  .).  The  e3q)re8sion  for  these  minima  is  written 


^  ^  1 
n  =  1+ Jf,,.  ~ 

Calculation  with  R  s  0.99  yields  It/lfs  1*02  x  10“^.  This  characteristic 


1 

l^F 


is  isqx)rtant  for  the  resolution  of  modes  with  weak  amplitudes  or  modula¬ 


tion  sidebands  in  the  presence  of  unwanted  noise  or  interference. 


0.  finesse  and  Resolution 

Fig.  3.  shows  a  plot  of  adjacent  resonances  given  by  c/2L  for  the 
scanning  Fabiy  Perot  interferometer  for  various  reflector  separations  L. 
Finesse  ^  is  defined  [17]  as  the  ratio  of  the  separation  of  these  reso- 
nancej  or  peaks  in  light  intensity  transmission  c/2L  to  the  half-intensi¬ 
ty  width  The  finesse  is  thus  found  to  be  -^^.Fig.  4  shows  the 

interferometer  fxnesjs  ^  as  a  function  of  mirror  reflectivity  R.  Hence 
a  direct  relation  exists  between  finesse  ^  ,  reflector  separation  L,  and 
rdtror  reflectivity  R.  Fig.  5.  shows  this  relation  in  terms  of  half- 
intensity  width  Z^Y  interferometer  mirror  separation  Lj  as  a 
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f 


3 


function  of  mirror  raflectirity  Ro 

Yalues  of  hAlf-intenaity  width  2A/  and  finesso  ^  are  tkarticularly  use¬ 
ful  in  the  emluation  of  the  j^rfonnnnce  of  the  SFPI* 

An  iiq>ertant  charecterittic  of  the  SFPI  in  it*s  high  resolving 
power.  This  resolving  power  is: 


JL  .  m 

At  A 


The  value  of  the  resolving  power  is  found  to  be  equal  to  7.34  x 
loafer  a  reflector  separation  of  7.5  cat  and  a  mirror  reflectivity  of  99^. 
This  value  is  based  on  consideration  of  visual  sensitivity  [17]  whereas 
actual  rcsolud.on,  when  viewing  an  oscilliscope  presentation  of  spectral 
infonatien,  is  considerably  higher.  A  relation  exists  between  this  re¬ 
solving  power,  derived  by  classical  optical  theory,  and  its  counterpart 
derired  in  q^tan  theory,  as  pointed  0!zt  by  Boyd  and  Gord,qn  [5].  Con¬ 
sidering  the  quality  factor  Q  of  an  optical  resonator  with  light  waves 
reflected  lach  and  forth  between  tiie  nirrors,  one  obtains: 


Q  -  ^  0^ 

hhcrc  <L  is  the  fractional  power  loss  per  reflection.  The  two  ex¬ 
pressions  of  £%s^  (11)  and  (12),  for  resolving  power  ^  and  quality  fac¬ 
tor  Q  respectively  idKw  the  correspondence  between  classical  and  quantum 
mfchanical  formulas  ^ea  «c  is  approximated  as  1-R,  and  it  is  recalled 
that  in  £q.  (11),  ^  « 
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<ew>«n0' 


£.  SufflRMtry 


In  this  section  the  basic  theory  of  the  scennins  Fabry  Perot 
interferoaieter  light  transmission  characteristics  is  reyieved. 
Half-intensity  width  finesse  ^  ,  and  interferometer 

resolution  are  related  to  the  physical  parameters  of  the  instrument, 
vis*,  mirror  reflectiyi^  R  and  mirror  separation  L*  These  charac¬ 
teristics  will  be  used  in  Section  5  for  evaluation  of  the  output 
characteristics  of  the  constructed  SFPI. 


addition,  the  presence 


of  lunnmted  offHuds  nodes  causes  distortion  and  interference  in  the  SJiW 
fundamental  nodes  or  nodulation  sidebands »  uhca  present* 

(2)  The  second  c6.Viition  for  snccessful  utilisation  of  the  SFPI 
is  proper  node  Batching  or  coiq>liag  to  tiie  laser  radiation*  [20]* 

Efficient  coupling  of  the  coherent  laser  light  nodes  into  the  SFPI  ca- 
▼itjr  requires  the  natching  of  the  dianeter  and  iphase  front  cunrature  of 
the  inconing  laser  bean  to  the  corresponding  characteristics  of  the  funds'* 
nental  interferoneter  node*  Consideration  of  the  pertinent  antehing  gara* 
meters,  eis*,  bean  radius  w,  nicinun  bean  radius  wq  and  baaa 

radius  position  JoJls  described  in  Section  3  B*  Section  3  C  iiinnaniini 
the  general  natching  procedures  for  typical  laboratory  configuntions* 
Section  3  D  presents  useful  natching  graphs  for  the  SfPI  constructed*  It 
is  suggested  that  for  other  SFPI  configurations  a  tinilar  sat  of  graphs  be 
prepared  as  they  greatly  sinplify  the  application  and  natching  of  the  SFPI 
to  the  laser  output* 

(3)  In  addition  to  the  above  requirenents  for  proper  co(q;>lii^  of 
tiie  laser  radiation  into  the  fields  existing  in  tiie  SFPI,  tiiere  rewins 
the  need  for  isolation  of  the  laser  trm  the  energy  reflected  from  the 
SFPI  idiich  can  couple  with  oscillating  laser  nodes*  Isolation  is  s* 
chiered  through  the  use  of  a  linear  polariser  and  a  quarterHfaee  plate 
positioned  in  the  laser  bean  as  near  the  later  as  practicable,  fhis 
arrangement  is  shown  in  Fig.  6  with  the  polariser  being  closest  to  the 
laser*  The  polariser  is  aligned  with  the  laser  polarisation  and  the 
quarter^wave  plate  optic  axis  is  oriented  45*  with  respect  to  the  axis  of 
laser  light  polarisation*  l^n  passing  througi'i  the  isolation  coshiaation 
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the  light  becoaiet  circularly  polarised «  When  reflected  frot  the  Sttl 
rtciiring  >drror,  the  direction  of  rotation  it  rereraed  for  the  circailasly 
polarised  li|!ht»  and  apea  passiaf  back  throng  the  ^aurter-^TC  plate, 
this  reflected  light  polarisation  ia  non  arthcgoaal  to  th«  polariser  axis 
and  it  is  time  atteonated.  [18] 

B*  Ihe  Matching  Panupetera 

The  required  paranetera  [6,21]  for  proper  node  natchicg  between 
the  laser  and  the  SfPl  are 

(1)  bean  radius  v ,  also  called  the  spot  site  of 
half-width  for  die  fhndanental  TSMoOq  node* 

This  paraacter  is  in  Pig*  1  as  the 
radius  of  the  circle  of  the  tranarerse 
amplitude  distribution  ^ere  the  anplitude 

c 

has  decreased  to  the  value  £o/e  * 

(2)  nininua  bean  radius 

(d)  location  of  the  nininwi  bean  radius  sq 

This  is  the  axial  diatance  fron  the  ninror 
to  the  inttnial  position  of  the  niniwni 
bean  radiua  wq* 

For  a  resonator  tdth  a  pair  of  spherical  reflectors  with  radius 
of  curvature  Rq  and  separation  L,  the  bean  radius  at  a  reflector  is 
vrittens:  [6] 
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The  Bdrisasa  beam  radius  is:  [6,15] 


The  apparant^locatiou  of  the  bees  ainirai  is:  [6,15] 


5.  = 


la  eqs*  (13),  (14),  aad  (15)  the  subscripts  l>  aod  1  denote  laser  aad  inter~ 
feroK^ter  respectiirely  as  do  the  subscripts  1  and  2. 

The  ■inlana  beaa  radii  vx  and  V2  aad  their  locations  Z-^  knd  Zj 
are  of  particular  is^rtance  in  the  proper  natching  of  the  Sf?I  to  the 
traaffdtted  laser  lifht*  Kogelnik  [20]  has  analysed  the  Q»tching  problem 
from  uhich  two  basic  formtlas,  Eqs  (16)  and  (17),  ensued*  Kogelnik  de- 
teroiiiied  that  the  laser  beam  is  properly  transfomed  or  cotq^led  into  the 
natural  mode  of  the  SFPI  by  the  focussing  effect  of  a  lens  or  lens  system 
inserted  in  the  beam  at  distances  d^  and  d2  from  the  respectire  locations 
of  VI  and  V2  •  The  distances  dj  and  d2  are;  _ 

d.  =  f  [l  J  ,(M 

d-  =  f  [i :  t  -yPW .]  (M) 

Vbere  f  is  the  focal  length  of  the  amtehing  lens  and  fQ  is  a 


characteristic  length  given  byr 


-^0  =  U)iU)j<. 


^e  appearance  of  index  of  refraction,  in  Eqs*  14  and  15,  accounts 
for  a  diffraction  effect  caused  by  the  gecnetry  of  the  reflector,  where 
the  external  surface  of  the  sphexical  mirror  is  flat.  Further  discussion 
of  this  effect  is  given  in  Ref.  (15). 


la  (16a)  aad  (I6b)  f  mat  be  greater  tiiaB  fo  and  tiic  aam  sign 
■oat  be  cboaea* 


Co  ^mmury  of  the  natehi^g  jpreeodarea  . 

Three  natching  inrocedurea  are  anmarited  belov  in  tens  of  tiie 
paranetera  preaentcd  in  Section  3  B*  Case  I  is  the  general  case  and 
Caaea  il  aiad  Ill  are  apecial  caaea  derired  frost  Case  !•  These  pro* 
eednres  were  anccessfhlly  applied  for  each  of  the  cases  described*  The 
procedures  iaeolTe  eaaeatiallj’  a  set  of  calcnlations  idiich  deternine  the 
proper  location  of  die  Sfn  and  die  natching  lens  with  respect  to  the 
later  position* 

Cas«  X  Spherical  resonator*  In  diia  case  the  laser  reflectors 
are  bodi  spherical  with  radins  of  curvatore  and 
separation  1^0 

(1)  Oettmine  using  a  rariable  round  iris  and  a  power 
■eter  is  follows^ 

Insert  the  iris  in  the  laser  bean  at  the  tranmittiaig 
nirror*  bocrease  die  iris  dianeter  (2w)  until  die  neter 
^'ower  is  reduced  bj  13*5  per  cent  fron  die  fhll 

j^^v^ng*  The  iris  dianeter  at  this  point  is 

For  till*  be  calculated  fron  Eq*  (13)*  . 

(2)  wi* 

(3)  I  'on  E^s*  (14)  cal  culate  wj  and 

wj  usint;  Rc  ■’'■nd  Ij  for 

tO«. 

(4)  frm  Eq»  (15  f  lx,  iv>N  Zj,  again  using  the 

appi'opr^av.^  a.-ii  L  foe  rsspectiTe  laser  and  inter- . 
fercueter 

(5)  Fron  Eq*  (17) 


% 


(6)  Select  &  lees  focal  leni^tii  f  >fOi  calculate 
the  diatauces  d^aad  d2  accordias  to  Eqs*  (16a  aad  b}* 

(7)  ?roB  dx  and  d2»  Zl  and  Zj  deteraice  tbe  location  of 
the  SfPI  and  the  position  of  the  Batching  lens 
according  to  Fig*  6a*  The  SFPI  will  thus  be  a 
distance  d^'i'd^'Zi/^Zj  fron  the  laser. 

Case  II  K^spherical  resonator,  colligated*  In  this  case  one  of  ^e 
spherical  nirrors  is  replaced  bj  a  flat  sdrror  and  tiie  laser 
beam  is  transaitted  fron  tiie  spherical  Birror  through  built- 
in  coUlBating  optics* 


(1)  BetersdLne  using  the  triable  ronad  iris  as  in 
Case  1*3 


(2)  For  tdt  colLUated  bean  vx^L  »  0. 

(3)  Detensine  V2,  fQ,  and  Zj  as  in  Case  I. 


(4) 


Select  a  lens  with  f  -  fo  or  use  a  pair  of  thin 
lenses  to  achiere  a  coebined  f  s  f o  according 


i 

{ 


±.±  .± 
{•  fl. 


0*) 


where  fi  and  f2  are  the  thin  less.focal  lengths, 
and  jl  Is  the  required  separatitm. 

(5)  The  Batching  lens  (or  pair  of  lenses)  is  positioned 
at  the  laser  and  the  location  of  the  SFPI  is  deter- 
odned  at  a  distance  fQ-Zjf  according  to  Fig.  6b* 


froB  the  following 

09} 
Uo) 

the  accuracy 

4when  using  the  double  lens  system  to  achiere  the  desired  focal  length 
f«fQ,  adjustment  of  lens  separation  X  for  best  focus  of  W2  is  facili¬ 
tated  by  holding  a  card  inside  the  SFPI  and  slightly  adjusting  the 
lens  closest  to  the  laser  until  best  focus  of  the  beam  on  the  card  is 
obtained,  as  indicated  by  minimum  spot  site. 
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^For  tiie  hemispherical  resonator  wl  may  be  calculated 
£qs  _ 

A  -El 


(spherical  mirror)  « 
wL  (flat  mirror)  s 


(- 


% 


itL  ”1 

-J 

[  (f;  L(RrL)  V’ 

The  iris  me^od  abore  is  recommended,  howerer,  since 
attained  is  quite  satisfactory  for  retirements* 


Pig .  6  Matching  diagrams  (a)  Case  I  spherical  resonator 

(b)  Cass  II  hemispherical  resonator 


Cage  III  Hcaigpherical  resonator,  uncoUinated.  In  this  case  the  laser 
nirrors  are  the  sa»e  as  in  Case  II  but  the  laser  bean  esaerges 
from  the  flat  aiirror  and  is  uncollinated* 

(1)  Select  an  appropriate  lens  with  a  facal  length 
fc  and  collisK-te  the  laser  output  bj  placing  ' 
this  lens  at  a  distance  from  the  transnitting 
mirror*  Then  the  procedrire  is  the  same  as  in  Case 
II  for  the  collimated  beam. 


D.  Specific  matching  graphs  for  the  interferometer 

Once  a  particular  configuration  is  chogen  for  a  SFPl  construe-- 
tion,  the  Mtching  procedures  outlined  abore  are  considerably  simpli¬ 
fied  by  graphical  methods*  Graphs  of  the  required  parameters  ^2*  ^I 
may  be  prepared  advance  for  repeated  use  in  all  matching  situa¬ 
tions*  The  graphs  presented  in  this  section  in  Figs*  7,  8  and  9  ire 
prepared  for  the  SFPl  evaluated,  where  the  reflectors  were  spherical 
radii  of  curvature  Rcs3n,  and  their  separation  was  variable  over  a  range 
from  5  to  11  cm  idiich  was  CMsidered  appropriate  for  prevention  of  am¬ 
biguity  in  the  "r  -^smitted  spectrum^. 

Fig*  7  shows  values  of  the  characteristic  length  parameter  f^ 
for  various  SFPl  mirror  separations  I>x  as  a  function  of  laser 
minimum  beam  radii  W]^* 

Fig*  8  shows  variation  of  the  parameter  Zj  as  a  function  of 

^e  imterferoawter  mirror  separation  Lj* 

Fig*  9  shows  variation  of  the  parameters  W2  and  w|  as  a 

ftuKtion  of  interferometer  mirror  separation 

Spurther  discussion  of  ambiguity  problems  is  given  in  Section  4  E. 

For  Li>  10cm  the  interferometer  free  spectral  range  c/2  Lis  less 
than  the  Doppler  broadened  line  and  spectral  displays  show  over¬ 
lapping  mode  patterns* 


r^f  '*'' 

£•  Matching  graphs  fcr  the  Spectra  Physics  Model  116  laser 

Additional  graphs  of  the  laser  paraneters  and  (defined 

on  p.  13,'fl4  )  nay  also  be  prepared  for  natching  req^irenents  for  con- 
ditioas  %diere  the  laser  reflector  separation  nay  vary,  as  in  the  case 
of  the  Spectra  Physics  nodel  116  laser^  used  in  the  FM  laser  experinents 
described  in  Section  7*  Graphs  of  the  parameters  W]^,  and  are 
shown  in  Figs*  10,  11,  and  12  respectirely,  for  variation  of  laser  mirror 
separation  from  100  to  200  cm.  The  laser  mirrors  were  both  siherical 
with  radii  of  curvature  ■  3  m. 

Thus  all  the  required  natching  parameters  may  be  determined  gra]^ 
ically,  for  rapid  use  in  the  natching  procedttres  described  in  Section  3  C 
A  quick  check  of  the  laser  minimum  beam  radius,  w^,  (based  on  is 
rccoentended  as  a  precaution,  in  the  event  there  nay  be  some  additional 
effects  such  an  internal  modulator  or  aperture  in  the  laser  beam  idiich 
nay  cause  a  variation  of  ^this  parameter* 


^Spectra  Physics  Corp.  Mountain  View,  California  Preliminary  Informa¬ 
tion  Sheet  Jan  1%5  , 
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Fig.  12  IiRser  minimum  beam  radius  wj  vs 
mirror  .spacing  . 


4.  Construction  and  operation  of  the  interferometer 
A*  Description  of  the  apparatus 

Ihe  nain  stxnicture  of  the  SFPI  is  shown  in  Fig*  13.  Ihe  SFPI  con¬ 
sists  of  two  vertical  plates  of  aluninum  ground  stock  which  are  fixed  to 
a  horizontal  plate  about  one  meter  in  length.  The  two  vertical  plates 
3Uiq[>ort  four  invar  spacer  rods*  (hie  end  of  the  horizontal  plate  is 
hinged  with  spring  steel  to  a  main  base  plate  and  the  other  end  can  be 
moved  with  vertical  and  lateral  freedom  for  the  purposes  of  alignment  of 
the  SFPI.  This  motion  is  provided  for  by  the  two  vernier  controls  (B) 
idiich  are  shown  in  Fig.  13.  Fig.  14  shows  the  moimting  of  the  SFPI  front 
receiving  mirror. (A)  This  mirror  is  cemented  to  a  hollow  ceramic  piezo¬ 
electric  transducer  (B)  which  is  in  turn  mounted  in  an  aperture  in  the 
front  face  plate.  The  piezoelectric  transducer  provides  axial  motion  of 
the  receiving  mirror  and  thereby  scans  the  SFPI  resonance  across  the  por¬ 
tion  of  the  spectrum  idiich  contains  the  laser  modes*  This  transducer  and 
mirror  scan  is  described  in  detail  in  Psrt  C  of  this  section. 

The  rear  mirror  mounting  assembly  is  shown  in  Fig.  14.  A  third 
vertical  plate  which  carries  the  rear  mirror  mounting  assembly,  is  sup¬ 
ported  and  axially  guided  by  the  four  invar  spacer  rods*  The  location 
of  this  vertical  plate  and  thus  the  rear  mirror,  determines  the  basic 
SFPI  reflector  spacing  Lj,  and  thus  the  interferometer  free  spectral  range. 
The  rear  mirror  (C'  is  located  in  a  retaining  holder  idiich  is  in  twn 
placed  in  an  aperture  in  a  circular  mounting  disc  (D),  as  shown  in  Fig.  14. 
These  controls  provide  a  tilt  of  the  circular  mounting  disc  about  axes 
that  are  oriented  60  degrees  from  the  vertical  to  avoid  confusion  with 
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RECEIVING  MIRROR  ALIGNMENT  CONTROLS 
TRANSMUTING  MIRROR  ALIGNMENT  CONTROLS 
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tlie  vertical  and  hori-zoatal  control  of  the  fronc  «drror  aligrvient.  The 
cii’cular  iiiouting  disc  is  attached  to  the  vertical  plate  by  beiyliiuir. 
springs  which  provide  for  positive  control  and  avoid  backlash  effects* 

Tl.e  nain  base  plate  is  supported  at  three  points  with  provision 
for  limited  overall  height  variation  during  initial  location  of  the  SFPl 
with  respect  to  the  incoming  laser  beam.  A  suggested  basic  alignment 
procedure  is  described  in  part  B  of  this  section.  The  entire  assembly  was 
covered  by  a  large  plexiglass  enclosure  to  prevent  environmental  disturb¬ 
ances  such  as  drafts  and  airborne  accoustic  effects 

Tlie  design  of  the  SFPl  constructed  follows  a  pattern  of  one  con¬ 
structed  at  Bell  labratories  [IS]  with  variations  in  mirror  mounting, 
alignment  control  and  the  use  pietoelcctric  scan  drive  vice  the  moving 
coil  system  for  iiifirovement  and  experimental  requirements* 

B.  A  prelir-iinary  alignment  procedure 

Tlie  initial  pliysical  alignment  of  the  SFPl  with  the  laser  beam  is 
achieved  through  adjustruent  of  the  position  and  alignment  conti'ols  de¬ 
scribed  it>  tlie  previous  part  of  this  section  as  follows: 

After  determining  the  position  of  the  SFPl  with  respect  to  the 
laser,  according  to  the  Hatching  procedures  described  in  Section  3  C,  the 
structure  is  placed  so  that  the  incoroing  laser  beam  passes  tlirougb  the 
front  face  plate  aperture  and  the  front  mirror  mounting  assembly.  The 
front  mirror  alignment  is  then  adjusted  (by  means  of  vernier  controls  B> 
Fig.  13)  imtil  coaxial  alignment  of  the  laser  beam  and  the  SFPl  cavity  is 
achieved.  This  nay  be  determined  by  placing  a  suitable  snail  aperture  in 
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the  later  htrji  and  adjusting  tiie  alignment,  nntil  the  reflection  of  the 
later  bean  fron  the  receiring  edrror  (4,  fig.  14.)  pastes  back  upon  it~ 
self,  i.e.,  through  the  snail  aperture  froea  vfaich  it  originally  cane. 
Finally,  the  rear,  transaittiog  nirror  aliganent  is  ad,1usted  (by  means  of 
controls  E,  Fig.  14.)  imtil  the  far  field  pattern  of  the  SfPl  output  bean 
becoaies  a  single,  well  defined  bright  spot  with  the  isode  anplitude 

distribution.  Slight  readjustaent  of  the  receiving  nirror  controls  (4) 
Fig.  ]  3  stay  be  required.  Hagnification  of  the  far  field  pattern  tsay  be 
obtained  as  necessary  by  placing  a  direrging  lens  at  a  practicable  posi> 
tion  in  the  output  bean  of  the  SFPl. 

This  coBq>letes  the  initial  alignnent  procedure.  4fter  a  discus¬ 
sion  of  the  piexoclectric  scanning  technique  and  the  method  of  detection 
and  presentation  of  the  SFPl  output,  the  final  method  for  precise  align¬ 
ment  of  the  SFPl  will  be  discussed. 

C.  Piesoelectric  scan  and  display  of  the  interferwaeter  output. 

This  section  describes  the  scannini;  technique,  by  which  the  pas¬ 
sive  3FPI  resonance  is  svept  over  the  laser  output  frequency  spectrum, 
and  a  highly  resolved  presentation  of  the  lasers  spectral  characteris¬ 
tics  is  obtained  fot  visual  study  and  anarlysis. 

4  piesoelectric  ceramic  transducer  of  lead  titanate  xirconate 
(henceforth  abbreviated  PZT-4)  [22]  was  used  (B,  Fig.  14)  to  provide 
axial  motion  of  the  SFPI  front  mirror  (4,  Fig.  14),  over  a  range  great¬ 
er  than  four  half -wavelengths  for  Xes  6328  4*.  Manufacturer*  s  speci¬ 
fication  for  strain  per  applied  roltage  is  apprcximstely  8.8  4*  per  volt, 
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using  a  cylindrical  PZ7<4  tube  with  dimensions  and  strain  constants  as 
shown  in  Fig*  15a*  Controlled  transducer  driving  voltages  up  to  the  break* 
down  limit  for  the  tube  (1290  volts)  were  obtained  from  the  combination 
of  a  variac  and  a  60  cycle  line  voltage  transformer* 

When  using  the  PZT*4  transducer,  with  the  variac  control ,  driving 
voltage  is  simultaneously  applied  to  the  transducer  and  to  the  external 
sweep  circuitry  of  a  Tektronix  5J1  oscilliscope*  Hiis  voltage  caused  the 
transducer  to  move  the  front  mirror  and  thus  sweeps  the  resonance  of  the 
SFPI  across  a  limited  portion  of  the  optical  spectrum  idiich  contains  the 
oscillations  or  modes  of  the  laser  radiation*  The  light  transmitted  by 
the  SFPl  is  received  by  an  RCA  7102  photomultiplier,  idiose  output  is  then 
applied  for  vertical  deflection  of  the  oscilliscope*  Because  of  the 
sinusoidal  nature  of  the  driving  voltage  and  thus  the  mirror  motion  pro¬ 
per  blanking  of  the  return  sweep  is  required  to  eliminate  a  double  trace 
presentation  on  the  oscilliscope. 

When  the  horisontal  deflection  of  the  oscilliscope  is  synchro¬ 
nised  with  the  transducer  driving  voltage  and  thus  the  mirror  scan,  a 
linearly  calibrated  display  of  the  optical  power  spectral  density  of  the 
laser  radiation  including  the  number,  intensity  and  relative  position  of 
the  modes  is  presented  on  the  oscilliscope* 

For  studies  of  the  FM  Laser  it  was  necessary  to  replace  the  PZT-4 
transducer  by  a  PZT-5  variety  which  is  more  sensitive.  The  configuration 
of  the  FZT-5  transducer  and  its  strain  constants  are  shown  in  Fig.  15b. 

This  new  transducer  provides  a  scan  of  greater  than  oniihalf  wavelength  at 
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DRIVING  VOLTAGE  SOURCE 
PHOTOMULTIPLIER 
OSCILUSCOPE 
D  C  BIAS  SOURCE 


Fig.  16  A  typical  arrangement  of  required  apparatus  for  laser 
spectral  analysis  with  the  interferometer  enclosed 
in  the  plexiglass  cover. 
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6328  A*  when  driTen  by  «  150  volt  sawtooth  voltasv  from  the  oscilliacope 
deflection  circuit*  This  sawtooth  voltage  was  triggered  externally  so 
that  synchronous  presentation  of  the  laser  output  was  available  when 
pulse  nodulation  was  applied*  Fig.  16  shows  a  typical  arrangement  of  the 
$FP1  and  the  required  instruments  for  spectral  analysis «  including  the 
driving  voltage  source  (A),  the  photoaniltiplier  (8),  the  oscilliscoFe  (C) 
and  a  DC  bias  for  the  driving  voltage  (8). 

0.  Final  alignment  and  considerations  for  application  of  the  interferometer. 

The  preliminary  alignment  procedures  suggested  in  Section  4  B 
usually  are  not  precise  eno'^gh  to  obtain  an  osclUiscope  presentation  of 
the  quality  required  for  accurate  spectral  analysis  of  the  laser  output. 

Once  the  osciUiscope  presentation  is  obtained,  however,  additional  adjust* 
ment  of  the  alignment  controls  ihile  observing  the  effects  on  the  oscilll- 
scope,  provides  the  necessary  means  for  achieving  final  perfection  in  the 
SFFl  alignment. 

After  a  brief  description  of  the  general  nature  of  the  spectral 
output  of  lasers,  two  particular  application  considerations  are  described 
which  are  required  for  optimum  spectral  analysis  results. 

The  spectral  output  of  lasers  [233  consists  of  an  ensemble  of  axial 
awdes  or  oscillations  the  nunber,  spacing,  and  anplitude  of  which  is  de- 


^Ite  FM  Laser  System  is  discussed  in  further  detail  in  Section  7.  The 
KDP  (potassium  dihydrogen  phosphate)  electroptic  modulator  requires  a 
pulsed  form  of  modulation  in  order  to  achieve  peak  power  requirements 
iMle  conforming  to  the  average  power  limitations  of  the  crystal* 
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termineii  primarily  by  the  leser  carity  resonances  that  independently 

sattu?ate  the  Doppler-broadened  flourescent  line.  A  typical  spectrum  is 

shown  diagramatically  in  Fig.  17.  The  Doppljer  width  of  the  line  is  ap- 

proxinately  1500  Mc/s.  The  free  spectral  rajt4^?  for  the  laser  resonator 

is  given  by  c/2L.  Two  particular  considerations  on  wliich  we  shall  corrineat 

\ 

are  (1)  the  requirement  for  selective  mode  excitation  in  the  laser  and 

(2)  the  requirement  that  the  SFPI  free  spectral  range^  be  properly  chosen 

; 

K 

to  avoid  ambiguity  in  the  oi  tput  information  presented  i^n  the  oscillisoope. 

f 

(1)  For  optimum  spectral  aualysi.s  of  the  laser  I'ljitput,  tlie  laser 

; 

should  be  operating  in  the  funda>!iental  TSUqq^  mode..  This  will  insure  tlmt 
higher  order  irodes  vdiioh  nay  be  present  in  the  laser  radiation  and  sub¬ 
sequently  in  the  SFPI  output,  are  not  mistake,')  as  a  wisaligjwent  indica¬ 
tion  and  cause  undue  effort  and  delay  wiiile  attecpting  to  improve  the 
oscillisoope  presentation.  A  Gaussian  ii^nsity  distribution  in  the  far 
field  usually  [24]  indicates  that  the ^Hecq  of  l»ser  operation  has 

been  achieved*  If  any  doubt  exists,  a  direct  check  of  the  laser  itF  beat 
freq'jeacy  spectrom  with  a  photomultiplier  and  HF  spectrum  analyser  shoijld 
reveal  any  significant  higher  order  modes,  if  present. 

(2)  To  conduct  an  accurate  examination  of  the  laser  node  spec¬ 
trum  a  suitable  choice  of  SFPI  free  spectral  range  naist  be  Kjade,  Suf¬ 
ficient  clearance  must  be  pi'ovided  between  the  oscilliscope  presentations, 
which  are  periodic,  in  order  to  resolve  the  axial  inodes  present  in  the 
laser  output.  Additional  clearance  is  required  in  the  event  the  laser 
output  spectrum  contains  modulation  sidebaiids*  Whenever  tlie  SFPI  free 
spectral  range  is  less  than  the  Doppler  broadened  floresence  line,  as 
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shown  in  Fig*  18a  the  resultant  oscilliscope  display  contains  overlapping 
axial  modes  as  shown  in  Fig*  18b*  A  choice  of  SFPI  reflector  separation 
greater  than  10  cm  can  cause  this  ambiguity  problem  in  the  oscilliscope 
display,  since  c/2L  is  1*5  Gc/s  for  Icr^-lO  cm,  which  is  the  assumed  value 
for  tite  laser  Doppler  broadened  line*  In  certain  instances  greater  reso~ 
lution  m.y  be  required  and  the  display  ambiguity  must  be  considered  care¬ 
fully  for  accurate  analysis  of  the  desired  information*  When  the  laser,., 
output  spectrum  contaists  modulation  sidebands*  the  SFPI  reflector  separa¬ 
tion  should  be  chosen  t<t  provide  clearance  on  both  sides  uf  the  Oo|^ler 
broadened  lino*  Fig.  19  shows  a  diagram  of  a  typical  display  resulting 
from  a  proper  choice  of  SFPI  mirror  separation  for  sMdying  a  1*25  Gc/s 
anqplitudo  modulateu  laser  with  five  axial  modes  present*  Lj  chosen  in 
this  case  was  4  cm,  idiich  gives  a  SFPI  free  spectral  range  c/2L  of  3*75  Gc/s 
which  is  sufficient  to  prevent  display  overlap  for  this  loodulation  fre¬ 
quency*  Laser  mode  frequency  spacing  is  shown  as  c/ZL^  z  2^0  Mc/s* 

\ 
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f —  Doppler  width 
A  t/pical  laser  mode  spectrum 


1  j 

{-  c/ZLj^  — t 

- 

The  scanning  interferometer  resonances 


(b) 


overlapping  modes 


The  resulting  oscillisccpe  display 


Fig.  18  a.  A  diagram  showing  the  scanning  interferometer 
resonances  separated  by  c/Zlq,  less  than  the 
Doppler  broadened  gain  curve, 
b.  The  resulting  osciUiscopo  display  with 
overlapping  mode  spectra. 


Fig.  19  A  diagram  of  the  oscilUscope  display  when- the  spacing  of  the 

interferometer  mirrors  Is  correctly  chosen  to  allow  for  modulahLon 
sideband  information.  Amplitude  modulation  at  1.25  Gc/s  is 
shown  with  the  reqtiired  mirror  spacing  of  4  cm  or  less  giving 
the  necessary  clearance  to  prevent  overlapping  of  the  modes. 


5*  &i3>«ri»0Qtal  Evaluation  of  the  Sinning  Fabsy  Perot  Interferooteter 
A*  Itethod  of  evaluation  and  arrangement  of  the  systm. 

Eo^erimental  evaluation  of  the  SFPl  included: 

(1)  A  check  of  the  alignment  procedures  and  controls; 

(2)  implication  of  the  matching  procedures;  and 

(3)  A  coimarison  of  the  output  characteristics  of  the  SFPl  ^th 
the  theoretical  results  of  Section  2<  The  results  of  these  evaliuttions 
are  contained  in  parts  B.  C.  and  0.  of  this  section,  respectively* 

The  initial  experimental  arrangement  is  shown  in  Fig  20*  A 
Spectra  Physics  model  131  gas  laser,  operating  with  a  hemispherical  reso¬ 
nator,  provided  approximately  .S  mw  of  optical  power  in  the  TEMooq  mode* 
This  output  beam  was  passed  through  an  isolating  polarizer  and  quarter- 
wave  plate  combination  and  was  matched  to  the  SFPl  by  a  double  lens  sys¬ 
tem  positioned  according  to  the  matching  conditions  of  Case  II »  The  SFPl 
receiving  mirror  was  scanned  by  the  PZT-4  transducer  which  was  driven  by 
the  variac  and  line  transformer  combination  voltage  source*  The  output 
radiation  from  the  SFPl  was  detected  by  an  RCA  7102  model  photomultiplier 
and  displa]red  on  a  Tektronix  531  oscilliscope*  Horisontal  deflection  of 
the  oscilliscope  was  synchronous  with  the  piezoelectric  mirror  scan* 

B*  Aligmaent  procedui'c  and  evaluation  of  control  performance 

Accurate  and  precise  fabrication  of  the  SFPl  insured  excellent 
alignment  of  the  basic  structure  with  mitaimum  adjustment  necessary  for 
operation* 

®By  Mr  Lyle  Wislu;:  ^  of  Sylvania  Electronics  System 
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Veraier  coatrols  of  the  rear  lairror  fillgissent  were  centered  by  oh&nging 

9 

the  basic  support  sxtgXt  of  the  rear  asdrror  counting  disc*  In^roved  re¬ 
sponse  of  the  rear  lairror  vernier  controls  was  obtained  by  freeing  the 
control  plungers  and  tightening  the  ssounting  disc  retaining  sfaring  ten¬ 
sions*  The  P2T-4  transducer  was  initially  ghteed  slightly  at  the  base  to 
correct  an  axial  Edsaligissont  caused  by  an  error  in  the  flattness  of  the 
transducer  at  the  mirror  interface.  Ho  discernable  iss^rovment  resulted 
from  this  procedure,  however,  and  the  shim  was  subsequently  removed*  Ihe 
piesoelectric  scan  ms  measure  and  found  to  be  within  one  per  cent  of  the 
nanufactiurer^s  specification,  vis*,  approtsiamtely  880  A*  per  100  volts 
applied  voltage  throughout  a  scanning  range  in  excess  of  throe  half-wave¬ 
lengths.  Oscilliscope  displays  of  greater  tiian  three  half-wavelengths 
scan  vi^out  off^ucis  distortion,  gave  visual  verification  of  the  coaxial 
notion  of  the  scuming  mirror. 

Alignment  procedures  outlined  in  Section  4  B  wex'C  a  successfully 
followed  for  all  ai^lications  of  tiie  3FP1  in  this  paper.  Response  to 
controls  was  excellent  with  no  digcernable  backlash,  and  a  high  degree  of 
sensitivity.  Aligissent  stability  is  greatly  dependent  on  the  application 
environment.  Of  particular  i^rts..a!e  ia  the  requir^ent  for  isolation  of 
the  SFPI  and  matching  lens  cosqtonents  fr(»  physical  disturbance  which 
necessitates  realignment.  After  initial,  precise  aligas^nt,  only  very 
minor  adjusts^at  of  position  controls  was  required  for  typical  applications 

\  ssmU  ban  bearin^t  provides  a  replaccabie  pivioting  seat  at  the  base 
of  the  rear  mirror  abating  disc,  held  fast  by  the  disc  retaining  spring 
tejisiea.  In  rear  mirror  is  seated  sli^tly  askew  wi^  respect  to  the 
axis*  this  bearing  may  be  replaced  as  an  altermtav®  to  reseating  the 
mlri'or  ia  its  mount  at  a  better  angle. 
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of  the  SFPX  such  «8  in  ^  l4iser  Frogs«a  study* 

Ih*ift  of  the  eutire  oscilliscope  disl^luy  WM  greatly  effected  ^ 
air  currents  between  the  SFPI  fidrrors*  and  by  axMent  tenpcratairc  vari¬ 
ations  which  clanged  the  SFPI  wlrror  sqjaratica.  Ihese  effects  were 
Eiti^ted  by  a  plexiglass  enclosas'S,  ^ch  also  reduced  short  tern  fre¬ 
quency  fluctuations  in  the  SFPI  outgput  caused  by  local  noise*  Teaporary 
drift  of  the  oscilliscope  display  is  easily  co^ensated.  for  by  j^plicatien 
of  a  suitable  OC  voltage  to  the  transducer  as  a  bias  to  center  «ite  Bdrror 
scan*  A  result  of  SIPI  ou^t  distortion  caused  by  Kechaaical 

vibrations  and  aicrophonics  is  shom  in  lig*  26a,  (p*  54  ),  High  speed 
photo  techniques  with  eiq^snre  tines  0*02s  or  better  tUsdnate  sost  of  the 
undesirable  fluctuations  caused  by  environoental  disturbances*  For  optianu 
perfomance  and  re8Ul>ts  the  SFPI  and  naccMng  con-^oro'^fs  laust  be  located 
on  a  stable  platform* 

C*  Evaluation  of  the  amtehing  procedure's 

The  Bitching  procedures  described  in  Section  5  for  Case  II  iiere 
successfully  applied  to  the  coilisated  bean?  radiated  irm  ,  hwi^erical 
resonator  of  idie  131  iwdel  laser*  &  ssracUc^l,  sfcthod  of  ii{^>Hcation  of 
these  leatching  procedures  is  suggested  as  follows  5  A  double  lens  system 
is  used  to  achieve  the  required  fecal  length  f  =  f^*  After  setting  the 
double  lens  systea  and  the  SFPI  according  to  the  calcx&lated  value  of  the 
characteristic  length  f^,  the  lens  closest  to  the  laser  is  aoved  to  vary 
the  position  of  the  bean  focus  to  a  point  inside  the  SFPI  a  distance  % 
from  the  receiving  jsdrror*  Accoj^ishaent  of  this  f<KJUs  is  observed 


by  holding  a  caM  inside  the  SFPI  carity  at  the  reqpdred  focal  point,  and 
varying  the  lens  yoaition  until  the  nininwm  spot  is  achieved.  Some  diffi¬ 
culty  is  encotmtercd  if  the  double  lens  system  is  not  stably  placed  on  a 
suitable  snmll  optical  bench.  Ihf  traversal  of  the  matching  lens  must 
remain  coaxial  with  the  laser  beam  as  the  lens  is  adjusted.  Observation 
of  the  oscilliscope  display  is  of  assistance  in  subsequent  adjustment  of 
the  optimal  positlor.  and  focussing  of  the  double  lens  system.  The  oscilli¬ 
scope  display  also  gives  an  indication  ef  the  extreme  criticallity  of  this 
particular  phase  of  the  alignment  and  matching  procedure.  J^pendix  I,  Ta¬ 
ble  I  contains  a  susMary  of  the  results  of. the  applied  procedures  for 
matching  the  SfPl  to  the  131  model  laser  output  for  SF?I  spacings  LqrS*  7* 
11,  and  14  cm. 

0.  Observed  characteristics  of  the  interferometer 

It  was  found  that  the  131  model  laser  output  consisted  of  three 
.sodes  separated  by  500  Hc/s*  The  frequency  spacing  of  the  modes  is 
detensined  by  the  length  of  the  laser  cavity,  idiich  is  30  cm  for  this 
ssdel  laser.  This  frequency  spacing  was  verified  by  an  RF  beat  frequency 
spectrum  aotlysis  of  the  output  of  a  photomultiplier  with  direct  detec¬ 
tion  of  the  laser  bean.  This  axial  mode  frequency  separation  was  subse¬ 
quently  used  as  a  convenient  calibration  for  the  oscilliscope  display  by 
•Hgning  the  axial  modes  with  the  desired  oscilliscope  scale  markings* 

The  limited  number  of  axial  modes  oscillating  in  the  131  model  laser  makes 
it  an  ideal  source  for  initial  experimenting  and  for  the  purposes  of 
familiarizing  oneself  with  the  matching  and  alignments  ef  the  SFPI. 
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The  first  obsezrations  made  of  the  laser  mode  spectrum  revca- 
that  the  half  intensity  width  2  b'f  and  consequently  the  finesse  ^and 
resolution  of  the  SFW  were  considerably  below  anticipated  repoiremeuts. 
Conclusion  was  inmediately  made  that  mirror  reflectivity  was  not  the  99 
per  cent  desired*  According  to  a  half-intensity  width  2  of  approxi- 
■mtely  40  Mc/s,  (Lis7  cm)  and  to  values  plotted  in  Fig.  5,  the  true  re¬ 
flectivity  was  determined  to  be  only  95jCl®  A  new  pair  of  reflectors  was 
subsequently  installed*  The  measured  light  intensity  transmission  loss 
for  these  mirrors  was  approximately  one  per  cent,  vdiich  when  combined 
with  absorbtion  and  scattering  losses,  yields  a  mirror  reflectivity  of 
approximately  98*5  to  98*756.  Figs*  22a  and  b  give  a  clear  indication  of 
the  improvement  in  resolution  achieved,  and  the  critical  dependance  of 
this  resolution  on  the  requirement  for  high  values  in  mirror  reflectivity* 
Fig*  21a  shows  a  typical  output  spectrum  of  the  Spectra  Physics 
model  131  laser,  idien  proper  matching  and  alignment  is  achieved,  vhile 
Fig*  21b  shows  the  effect  of  misalignment  or  improper  matching.  Fig*  23 
:»hows  the  variation  in  individual  mode  anqplitude  caused  ^y  hemal  effects 
on  laser  cavity  dimensions*  The  laser  modes  are  seen  to  drift  across  the 
Doppler  broadened  flourescent  line  as  the  central  cavity  resonance  fre¬ 
quency  changes  with  resonator  dimensions* 

^®This  figure  was  verified  by  a  direct  reading  on  a  power  meter.  Re¬ 
flector  light  intensity  transmitted  was  greater  than  4^  of  the  input. 
This  value  canhined  with  absorbtion  ajxj  scatterizjg  losses  yields  a 
mirror  reflectivity  aiq)roKimately  the  95^  value  .ietermined  above. 

brief  study  this  long  terra  frequency  drift  is  presented  in  Section 
6,  using  the  greater  number  of  more  closely  spaced  modes  in  the  output 
of  a  US  model  Ir  ^er  . 
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5.  a  Spectra  Physice  model  IJl  la»«f 

({f’sWlPWwly  aUgn»a«na!»a^h»4  U  lM#r 
(b)  am  Iil»»rtip>»4  eind  not  Bitoli«4  to  less- 


a  .955 

3oalet  100  Mo/f  per 
division  horizontal 
Mb/i 


B  .985 

Scalat  ^  No/s  per 
division  horizontal 
No/s 


Fig.  22  Improvamant  in  resolution  with  inorsass 
in  mirror  reflsotivity  R 


?ig*  25  Spectra  Physics  Ifl  model  laser  mode 
amplitude  variation  caused  by  thermal 
effects  on  laser  cavity  length 
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Photographic  dau  was  taken  to  determine  the  half-intensity  width 
for  SPPI  mirror  spaciugs  of  5,  7,  11  and  14  cm.  The  values  ob- 
tai'.ied  for  Z  Ay  at  these  points  is  sliown  in  Fig.  24,  with  excellent  agree¬ 
ment  witli  the  theoretical  values  of  Fig.  5  Section  2.  The  tendency  for 
half- intensity  width  ZAlfto  be  slightly  greater  than  theoretical  values, 
especially  as  SFPI  mirror  spacing  is  increased,  is  attributed  to  devi¬ 
ations  of  matching  and  alignment  from  optimum  requirements*  Foi'  each  par¬ 
ticular  SFPX  mirror  separation,  new  positions  for  the  lens  and  the  SFPI 
were  required,  according  to  proper  matching  procedures^  in  order  to  achieve 
the  maximum  resolution  capability  of  the  instrument.  In  normal  applica¬ 
tion  situations  only  one  setting  of  the  SFPI  mirror  spacing  is  used  during 
experimentation,  and  the  matchix^  arrangement  once  established  does  not 
change.  Inprovement  in  half  intensity  width  2.^/ by  as  much  as  10  per 
cent  was  realised  >hen  the  lens  system  and  SFT 1  were  properly  relocated 
for  each  new  setting  of  the  SFPI  mirror  spacing  during  this  particular 
phase  of  evaluation. 

Variation  of  the  Si PI  mirror  spacing  Lj  resulted  in  a  change  in 
the  free  spectral  range  ^ich  was  observed  to  be  in  exact  agreement  with 
expected  values  of  C/2Lj-  shown  in  Fig.  3  for  all  spacings  used.  As  shown 
in  Section  2  D,  the  ratio  of  the  SFPI  free  spectral  range  %uto  the 
half  intcnsi^  width  determines  the  SFPI  finesse  ^  .  The  finesse 
^  achieved  was  found  to  be  between  ^  r  230  to  264  which  is  also  in  a- 
grcement  with  the  values  shown  in  Fig.  4  based  on  a  mirror  reflectivity 
estimate  of  approximately  98*5  to  96»7%,  Typical  photographs  used  in  de¬ 
termining  the  half-intensity  wid^  ZAV'  are  shown  in  Figs*  25  a,b  and  c., 
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Fig»  25  Variation  of  half-intenaity  bandwidth  Zgf 
with  SFPI  mirror  apatring  Lj 
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26  SFPI  output  distortion  caused  by 

aeohanioal  yib rations  and  miorophonios 
(b;  SFPI  free  spectral  range  being  approx- 


iioately  the  same  as  the  Soppier  linewidth 
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vfith  SFPI  niirror  separations  Lj  of  7t  11,  and  14  cm  and  lialf -intensity 
widths  Zt^  observed  as  9 <.5,  7o5,  and  5  Mc/s  respectively o 

In  the  process  of  talcing  data  for  evaluation  of  the  half-inteii- 
sity  width  a^ythe  SFPI  mirror  spacings  of  10  cm  and  15  cm  were  avoided 
since  the  free  spectral  range  of  the  SFPI  would  then  have  been  a  multiple 
of  the  laser  mode  separation  and  an  ambiguous  oscillis^  display  re¬ 
sults*  This  ambiguity  was  previously  discussed  in  Section  4  Do  Figs-  26b 
and  a  show  a  situation  %diere  tvro  modes  n  the  display  arc  almost  super- 
inqposed  and  it  becomes  difficult  to  obtain  an  accurate  calibration  because 
the  proper  selection  of  laser  modes  is  not  readily  apparant* 

E.  Summary 

We  now  have  a  clear  indication  of  the  performance  of  the  SFPI  from 
experimental  observations  ’idiich  are  in  excellent,  agreement  with  theoret¬ 
ical  values*  The  same  type  of  optical  resonator  wliich  provides  for  tlie 
successful  operation  of  lasers  also  affords  us  with  a  means  for  studying 
the  laser *s  outputo  A  pioxoelectrlc  scan  of  the  passive  SFPI  resonance 
aci*os8  the  laser  output  band  of  frequencies  provides  a  highly  resolved 
display  of  the  laser  spectral  characteristics  for  visual  study  and  analysis. 
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6.  Frequency  Stability  Study  of  the  Spectra  Physics  Mjdel  115  lAser. 

A.  Introduction  and  background 

The  SFPI  vas  applied  to  the  study  of  long  and  short  term  freqiiency 
stability  characteristics  of  a  115  model  gas  laser  under  euTironmental  con¬ 
ditions  as  described  belovo  Additional  experience  with  the  matching  and 
alignnent  procedures  was  also  acquired  dturing  experimentation  with  this 
laser* 

Although  no  final  standard  has  been  et  for  frequency  stability  of 
lasers*  measurements  have  been  made  by  Javan  and  others  [28]  using  two 
CW,  He-Ne  gas  lasers  with  improved  mechanical  stability  and  adjusted  to 
oscillate  in  only  one  mode.  These  measurements  were  made  by  RF  beat  fre¬ 
quency  spectrum  analysis  obtained  "under  typical  Bell  Telei^one  Labratory 
conditions”*  It  was  found  that  a  long  term  frequency  drift  of  0.5  Mc/s 
per  100  s  occurred  which  corresponds  to  two  parts  in  10®  for  the  1*153 
micron  transition*  This  long  term  frequency  stability  is  effected  hy  ther¬ 
mal  and  mechanical  variations  of  the  laser  Fabry  Perot  etalon  spacing*  and 
is  therefore  dependent  on  the  environment  in  tdiich  the  measurement  is  made* 
The  sensitivity  of  this  dependence  is  well  illustrated  by  the  fact  that* 
for  the  Spectra  Pl^sics  115  model  laser*  a  minute  chaise  i^  reflector  spac¬ 
ing  of  12*5  A*  caused  by  ambient  temperature  or  other  variations*  causes 
a  change  of  approximately  one  Hc/s  in  the  frequencies  of  the  output  modes* 

B.  Pxirpose  and  methods  of  experimental  observations 

The  purpose  of  this  experiment  was  to  apply  the  SFPI  to  a  study 
of  long  term  laser  mode  drift  in  order  to  ccnq>are  the  drift  under  varying 


56 


environmental  conditions «  In  addition,  the  SFPI  was  applied  to  observe 
the  decrease  in  mode  drift  fr<»i  initial  li^ht-off  until  a  steady  state 
operation  is  established  in  order  to  determine  a  req;aired  wanning  time 
bii^fore  a  steady  state  drift  is  established* 

The  SFPI  provides  a  more  direct  method  for  measuring  frequency 
drift  and  short  term  fluctuations  in  the  laser  output  than  that  of  Javan 
decribed  above.  By  observing  the  variation  ef  the  amplitude  of  a  partic¬ 
ular  scu«  as  it  drifts  across  the  Doppler  broadened  flourecence  line  and 
relating  the  change  in  amplitude  to  the  known  axial  mode  freq;u%acy  sepa¬ 
ration,  a  direct  measure  of  laser  frequency  drift  is  obtained*  Pre¬ 
sentation  of  the  SFPI  output  on  the  oscilliscope  revealed  three  situa¬ 
tions  for  use  as  criteria  for  mode  drift  measurement  by  this  direct  method* 

(1)  A  measurable  time  elapses  between  the  generation  of  two  con¬ 
secutive  modes  above  threshold  for  oscillation* 

(2)  A  measurable  time  elapses  between  the  decay  of  two  consecu¬ 
tive  modes  below  threshold  for  oscillation 

(3)  A  measurable  time  elapses  between  the  attainment  of  maximum 
amplitude  (center  of  the  Doppler  broadened  line)  by  two  consecutive  modes* 

Using  aiqr  one  of  these  measured  times,  and  the  fact  tiiat  tiie  axial 
mode  separation  for  the  115  model  laser  is  250  Mc/s  (based  on  a  reflector 
separation  of  60  cm),  a  laser  mode  drift  mar  easily  be  obtained  from  direct 
visual  observation*  No  particular  variation  was  observed  in  using  any  or 
all  of  the  above  criteria  for  the  experimental  determination  of  the  laser 
mode  drift.  Measurement  of  short  term  frequency  fluctuations,  using  the 


SFPI,  is  by  direct  high  speed  photographs  of  the  oscilliscope  display  of 
tlie  iiiode  frequency  fluctuations  caused  by  vibration,  ndcrophonic,  and 
noise  effects* 

C*  Experimental  arrangement 

The  arrangement  of  experimental  apparatus  for  the  laser  frequency 
stability  studies  was  as  shown  in  Fig.  20  p»  43.  The  more  versatile  115 
model  laser  was  used  in  place  of  the  131  model.  Tlie  115  Jiodel  laser  oper¬ 
ating  with  a  hemispherical  resonator  (Case  II,  on  p.  18)  provided  a  colli- 
mted  output  the  power  and  mode  content  of  which  could  be  power  supply  and 
mirror  position  adjustment.  Appropriate  matching  conditions  for  this  case 
are  sunnwirized  in  Table  I,  Appendix  I.  During  the  matching  phrase  of  this 
e^eriment,  a  particular  off-axis  mode  in  SFPI  output  could  not  be  elimi¬ 
nated  by  careful  alignment  efforts.  The  usttal  off-axis  interference  and 
clutter  was  elimated,  but  despite  all  effort,  distortion  reir<ained  in  the 
oscilliscope  display.  A  direct  check  of  the  laser  output  by  RF  beat  fre¬ 
quency  spectrum  analysis  revealed  a  15  Mc/s  beat  note  in  the  analysis  of 
the  laser  output.  This  verified  that  the  distortion,  in  the  SFPI  output 
was  not  caused  by  misalignment  or  impoxTer  matching,  but  by  a  higlxer 
order  transverse  mode  in  the  laser  radiation.l2  This  observation  enphasises 
the  coiiplementary  use  of  the  SFPI  and  the  RF  spectrum  analyser  in  this  re¬ 
spect.  T!ie  number  of  modes  in  the  laser  output  varied  from  seven  at  4.5 
milliwatts  to  four  at  1.7  milliwatts  output  power  with  the  laser  operating 

^^Mode  inpurity  in  the  output  of  the  115  model  laser  has  been  studied  by 
Heinemann  and  Redlien  [24]  idio  observed  that  the  Gaussian  intensity  dis¬ 
tribution  in  the  laser  output  does  not  always  indicated  achievement  of 
the  TEMooq  »ode  of  laser  operation. 


58 


Flg«  27  (a)  Distortion  In  Spectra  Physics  model  115  laser 

spectrum  when  not  In  TEMqq^  mode;  c/2L*  250  Mc/s 

(b)  Expanded  view  of  (a);Scale;  50  Mc/s  per  division 
horizontal; Mote  the  frequency  fluctuation  caused  by 
short  term  vibration  effects 

(c)  Short  term  Instability  In  frequency  and  amplitude  A 

■  ±  5  Mc/s  ;  AA  •  i  5  per  cent;  T  *  0.04  s 

(d)  Variation  In  mode  amplitude  caused  by  long  term  frequency 
drift;  1^30  s  between  each  view 
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in  the  TEMoOq  A  nroximiun  power  of  5.6  miniwatts  (eight  jnodes)  had 

been  observed,  but  there  was  excessive  higher  order  laode  interference  iu 
the  laser  radiation.  This  is  shown  in  Fig.  27  a  and  b.  The  distortioii 
was  reduced  by  adjustment  of  the  controls  for  laser  mirror  alignment  to 
achieve  TEMooq  mode  of  operation. 

The  SFPI  was  situated  inside  a  plexiglass  box  enclosure,  as 
viously  mentioned  in  Section  5  B,  and  covered  with  a  large  plastic  cloth. 
This  protection  eliminated  a  slow  drift  in  the  entire  oscilliscope  pattern 
usually  caused  by  such  effects  as  drafts  in  tlte  SFPI  cavity  or  ambient 
tenperature  variations  in  the  SFPI  mirror  spacing.  Vibration  effects,  such 
as  microphonics,  were  reduced,  but  mechanical  vibrations  still  caused  occa¬ 
sional  fluctuations  in  the  SFPI  resonances.  The  short  term  effects  had  no 
noticible  effect  on  the  long  term  frequency  drift  observed. 

D.  Experimental  observations 

(l)  An  observation  of  the  laser  nxjde  drift  was  nade  at  night  in  a  typical 
laboratory  space  witli  doors  closed  and  normal  equipment  functioning  for  ex¬ 
perimental  requirements.  The  laser  was  lighted  off  and  drift  recorded  dur¬ 
ing  a  period  of  three  hours  to  determine  the  length  of  the  time  required  to 
establish  an  equilibrium  or  steady  state  drift.  The  results  of  this  experi¬ 
ment  are  shown  in  Fig.  28.  The  laser  presented  four  modes  for  observation 
with  a  power  output  from  1.7  milliwatts  to  1.8  milliwatts*  A  steady  state 
drift  condition,  idiere  the  mode  drift  is  no  longer  attributed  to  the  ther¬ 
mal  effects  of  the  laser  warming  up,  was  achieved  in  approximately  SO  min¬ 
utes.  Tlie  drift  was  determined  to  be  less  than  1.4  Mc/s  per  180s.  Fig. 

21  d  shows  a  typical  observation  of  the  mode  aniplitude  variation  which  was 
used  for  drift  measurement.  The  sequence  was  taken  at  30  second  intervals 
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anil  shows  a  pattern  repetition  or  total  frequency  drift  of  250  i’c/a  has 
aljnost  occurred.  Drift  in  the  sequency  was  to  the  right  across  the 
Doppler  line  display,  as  indicated  by  the  growth  of  tlie  left  inode  as  it 
nears  the  center  of  the  Doppler  line»  The  elapsed  time  for  this  par¬ 
ticular  observation  was  subsequently  recorded  as  55  seconds  resulting  in 
a  drift  of  3.85  Hc/s  per  65s.  The  observation  was  taken  at  time  0  ♦  52 
minutes  and  is  circled  in  Fig.  26. 

(2)  Additional  observations  of  laser  mode  frequency  drift  were  obtained 
under  varying  laboratory  conditions  with  the  results  as  low  as  2.5  >te/s 
in  a  closed  laboratory  in  tlte  daytime  to  5  Mc/s  drift  during  ucrmal  work¬ 
ing  conditions.  Long  term  frequency  drifts  as  higli  as  10  Kc/s  were 
recorded  diu'ing  sudden  environmental  changes  or  variations  in  the  laser 
power  level.  Steady  state  conditions  were  subsequently  regained  in  a 
period  of  from  15  to  45  minutes  depending  on  the  type  of  variation  which . 
originated  tlie  disturbance.  Fig.  29  shows  a  typical  drift  variation 
caused  by  a  reduction  the  laser  power  level  from  4.5  milliwatts  to  1.6 
milliwatts  output. 

(3)  Short  term  mechanical  vibrations  and  noise  caused  fluctuations  in  the 
frequencies  and  amplitudes  of  the  modes  presented  in  the  SFPI  output.  These 
fluctuations  are  caused  by  a  combination  of  both  tlie  SFPI  and  the  laser  re¬ 
flector  vibrations,  and  cannot  be  attributed  to  the  laser  cluiracteristics 
alone.  Under  varying  laboratory  conditions  ranging  from  quiet  niglit  to 
normal  working  conditions,  the  intermittant  fluctuations  ranged  from  IMc/s 
to  as  much  as  lOHc/s  and  the  mode  auplitudes  of  the  modes  presented  in  the 
SFPI  output.  These  fluctuations  are  caused  by  a  combination  of  both  the 
SFPI  and  the  laser  reflector  vibrations,  and  cannot  be  attributed  to  tbe 
laser  characteristics  alone.  Under  varying  laboratory  conditions  ranging 


Fig.  29  A  typical  laser  mode.fi 
caused  by  a  reduction 
output  from  4.5  to  1.8 


from  quiet  night  to  nowal  working  conditions,  the  intermittant  fluctua¬ 
tions  ranged  from  IMc/s  to  as  much  as  lOMc/s  and  the  mode  an{>litudes  of 
the  well  formed  center  modes  in  the  Doppler  broadened  line  varyed  from  5 
percent  to  as  much  as  30  percents  A  typical  observation  of  the  rapid  mode 
fluctuations  la  shown  in  Fig*  27  c,  with  T  :  0*04  s*  AVt^Mtand  A  A  : 
t  five  per  cent. 

E.  Sunnmry  and  conclusions  for  Section  6 

The  most  effective  use  of  the  SFPl  for  aiqr  frequency  characteris¬ 
tic  study,  such  as  stability,  dictates  that  the  instruaent  be  isolated 
from  all  environmental  disturbances  which  might  superiapose  SPPI  insta¬ 
bilities  onto  the  laser  instabilities*  Long  term  frequency  drift  is  much 
less  affected  since  the  method  used  in  this  section  is  dependent  on  only 
the  relative  anplitude  variations  of  the  laser  nodes  as  they  drift  across 
the  Doppler  broadened  line*  Rapid  fluctuation  studies  require  an  extreme¬ 
ly  stable  platform  for  the  SFPl  with  respect  to  the  laser  platform  in 
order  that  any  fluctuations  may  be  attributed  to  the  laser  itself*  This 
may  be  quite  difficult  in  instances  idiere  the  laser  is  also  situated  on  a 
stable  platform*  A  conclusion  ig  made  from  experimentation  that  a  laser 
requires  a  definite  stabilising  period  after  light-off  for  equilibruim 
in  long  term  frequency  stability*  In  addif  .on  any  environmental  vari¬ 
ations  or  powsr  changes  also  require  a  stabilising  period  for  the  laser 
to  regain  a  steady  state  operation*  '  '  ' 
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7*  i^licAtion  to  tme  FM  Lager  program 
A*  Introduction 

The  most  interesting  aspect  of  the  work  con9>leted  at  the  Elec¬ 
tronic  Defense  Laboratories »  was  an  application  of  the  SFPI  to  a  studj 
of  the  spectral  characteristics  of  the  FM  Laser  [9]«  After  a  brief  back¬ 
ground  discussion  in  part  the  basic  principles  and  operation  of 
Laser  are  discussed  in  detail  in  part  C  in  order  to  clarify  the  results 
obtained  from  the  application  of  the  SFPI  in  the  program.  Experimental 
application  of  the  SFPI  is  then  described  in  part  D.  Photograidiic  results 
are  presented  as  an  indication  of  the  various  spectral  outputs  of  the 
laser  during  the  FM  Laser  experimental  studies ^  and  as  emphasis  of  the  im¬ 
proved  resolution  and  value  of  the  SFPI  constructed  for  this  program. 

B.  Background 

One  of  the  significant  problems  encountered  in  the  development  of 
an  effective,  working  optical  connamications  system,  employing  optical 
heterodyne  receivers,  has  been  the  need  for  well  defined  mode  control  of 
the  multimode  operation  of  the  lasers  used.  [12]  This  need  arises  from 
the  nonlinear  interactions  between  the  multiple  oscillations  of  free 
running  lasers  ^en  used  as  optical  carriers  or  local  oscillators*  The 
randomly  phased  oscillations  produce  multiple  beats  %dien  mixed  in  a 
square-lav  photodetector.  The  majority  of  these  beats  are  considered  un¬ 
desirable  noise  lAich  interferes  with  or  even  obscures  the  signal  received. 
These  problems  had  previously  rendered  the  laser  ineffective  as  an  optical 
carrier  or  local  oscillator. 
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The  FM  is  the  result  of  o  new  techiiiq;ue  of  node  control  developed 
to  elindnate  these  problena*  Iiuiteod  of  operating  laser  in  a  low 
power  single  node  fashion  to  elininate  the  mltiple  interfering  boats «  ^ 
new  tocQttique  assigns  aaf>litudes  and  phases  to  the  free  running  laser 
nodest  iMch  causes  the  nultinode  output  to  have  the  ^ectrun  of  a  fre- 
quenc/  nodulated  (m)  signal,  hence  the  resultant  IM  Laser*  The  I'M 
Laser  nodes  have  aaplitndes  and  phases  of  an  VM  signal  and  when  nixed  at 
a  photodetector  with  another  signal  no  longer  produce  the  undesirahLe 
multiple  beat  effects  because  of  the  phase  ciuraoterlstics  of  IM  sideband 
pairs*  The  IM  Laser  if:  therefore  available  !•  r  use  in  heterodyne  re¬ 
ceivers  as  a  local  oscillator  or  as  a  signal  carrier  with  all  the  power  of 
the  now  well  defined  and  controlled  modes,  and  without  the  undesirable 
Bultiple  axial  node  beats  (noise)  idien  detected  with  a  photonoltiplier* 


C*  Principles  of  the  FM  Laser  and  initial  e3Q>eri»ental  operation 

(1)  The  principles  and  initial  operation  of  the  IM  laser  is  best 
described  in  the  original  artical  Harris  and  Targ  idiere  they  reported:  [6j 

'*the  operation  of  a  He-Ne  laser  in  a  oarnier  such  that  all  of  the 
laser  modes  oscillate  with  IM  jhases  and  nearly  Bessel  function  anplitudes, 
thereby  conprising  the  sidebands  of  a  frequency  modulated  signal*  The  re¬ 
sulting  laser  oscillation  frequency  is,  in  effect,  sw^t  over  the  entire 
Doppler  line>wid1h  ac  a  sweep  frequency  vHch  is  approximately  that  of  the 
axial  mode  spiking*  This  t^pe  of  IM  oscillation  is  induced  by  an  intra¬ 
cavity  phase  perturbation  t^ch  is  driven  at  a  frequency  which  is  approxi¬ 
mately,  but  not  exactly,  the  axial  mode  spacing*  Ecq>erimental  evidence 
sipporting  the  hypothesis  of  an  essentially  pure  IM  oscillation  is  as 
follows : 

1*  The  suppression  of  all  observable  laser  %eat  notes”  hy  at 
least  25  dB,  as  compared  to  tiaeir  value  in  the  absence  of  the 
phase  perturbation*  k  5  %  increase  in  laser  power  was  ob¬ 
served  coincident  with  this  suppression* 
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2o  The  observation  of  n  scanning  interferometer  showing  the  laser 
modes  to  possess  approrLmately  Bessel  function  amplitudes, 
appropriate  to  the  spectral  coo^onents  of  a  piure  Ftl  signal* 

3o  Direct  demodulation  of  the  resultant  FM  sigod  using  both  a 
Kichelson  interferometer  and  a  birefringent  discriminator*  [26] 

The  laser  was  a  Spectra-Fhysics  Model  116  operated  at  6328  A**  with 
an  external  mirror  spacing  corresponding  to  an  axial  mode  interval  (c/2L} 
of  100*5  Mc/seco  The  phase  perturbation  was  obtained  via  the  electro- 
optic  effect  in  a  l>>cn  long  KH2PO4  (KDP)  crystal  which  was  anti*>reflection 
coated  and  situated  in  a  lOO-Hc/sec  tuned  circuit  inside  the  laser  cavity* 
The  KDP  crystal  was  oriented  with  its  optic  axis  parallel  to  the  axis  of 
the  laser  tube,  and  with  rne  of  its  electrically-induced  principal  axes 
parallel  to  the  direction  of  the  laser  polarisation*  A  KDP  crystal  in  this 
orientation  introduces  a  pture  phase  perturbation  and  ideally  should  lntro<» 
duce  no  time  varying  loss  into  the  laser  cavilyo  An  rf  input  power  of  2  V 
produced  a  single-pass  phase  retardation  /  of  about  0*66  rad  at  the  opti¬ 
cal  frequency* 

Of  particular  interest  was  that  FM  '-vser  oscillation  was  not  ob¬ 
tained  when  the  KDP  modulator  was  tuned  exacts  to  the  frequency  of  the 
axial  mode  spacing*  In  this  case,  the  lager  beat  notes  as  observed  on  an 
rf  spectrum  analyser  were  stabilized  and  enhanced,  and  appeared  similar  to 
those  described  by  Hargrove  and  others,  [27]  and  DiDomenico,[283  in  ^eir 
papers  on  AM  phase  locking* 

When  the  modulation  frequency  is  detuned  from  the  c/2L  fr^uoncy 
then  at  a  /  of  0*05,  a  frequency  change  of  250  kc/sec  to  either  <side  pro¬ 
duces  an  abn^t  quenching  of  all  of  tiie  original  laser  beat  notes,  wllli  a 
coincident  increase  of  5  ^  in  the  total  laser  oscillation  power*  This 
removes  the  possibility  that  the  quenching  of  the  axial  mode  beats  is  caused 
by  some  form  of  increased  optical  loss*  After  quenching  of  the  original 
axial  beat  notes,  a  small  anoimt  of  rf  beat  ^ower  may  be  observed  at 
harmonics  of  the  modulation  frequency*  At  the  second  and  third  harnionics, 
this  power  level  was  25  dB  below  that  of  the  original  beat  asplitude.  At 
the  fundamental  and  fourth  harmonics,  this  level  was  at  least  15  dB  below 
that  of  the  original  signal*  Measurements  at  the  latter  two  frequer,cles 
were  limited  by  a  residual  A^t  light  signal  and  poor  photomultiplier  sen¬ 
sitivity,  respectively* 

In  order  to  directly  verify  the  presence  of  an  FM  signal,  the  out¬ 
put  of  the  FM  laser  was  passed  through  an  optical  discriminator  (Michelson 
iatexferometer)  with  a  path  letjgth  difference  of  30  cm.  The  interferometer 
was  followed  by  a  photomultiplier  and  rf  detector*  With  both  arms  of  the 
interfcrixneter  open,  a  strong  signal  at  the  modulation  frequency  was  ol- 
served  with  a  15  dB  signel-to-noise  ratio*  If  either  arm  of  the  inter- 
fei'ometer  was  blocked,  this  signal  conq>letely  disappeared. 


Tiie  most  interesting  and  perhaps  startling  results  of  our  experi¬ 
ments  were  obtained  by  direct  observation  of  the  lastr  mode  amplitudes 
vdth  a  Spectra-Physics  scanning  interferometer.  In  the  absence  of  modu¬ 
lation,  the  laser  modes  appear  as  in . Fig*  3d  A . 13.  As  the 

modulation  depth  is  increased,  the  central  mode  amplitude  begins  to  fall, 
tlie  first  pair  of  sidebands  increase*  At  still  larger  ^  ^s  the  second 
and  third  pair  of  sidebands  achieve  significant  anplitudes,  and  there  is 
a  diffusion  of  power  toward  the  wings  of  the  Doppler  line*  Examination 
shows  tlie  modes  to  have  approximately  Bessel  function  anplitudes,  vdiich 
are  not  determined  by  independent  saturation  of  the  Dopper  line,  as 

might  have  been  expected . *  Figs*  33  B  through  E . 13  are  captioned 

in  terms  of  both  the  deptli  of  the  single-pass  modulation  and  also  in  terms 
of  the  depth  of  the  frequency  modulation  on  the  output  signal  of  the  FM 
oscillator*  This  latter  modulation  depth  is  denoted  by  P  ,  and  from  the 
varying  frequency  viewpoint'  of  frequency  modulation,  it  is  the  ratio  of 
the  peak  frequency  deviation  to  the  modulation  frequency*  The  ratio  of 
,  that  is  the  ratio  by  which  the  modulation  process  is  enhanced  by 
the  presence  of  the  cavity  and  the  active  media  is  40*  Alternate  measure¬ 
ments  of  P  were  made  using  the  Michelson  interferometer,  and  similar 
results  were  obtained*  Our  highest  measured  p  was  6  ,  idiich  at  a 

modulation  frequency  of  100  Mc/sec  corresponds  to  a  peak-to-peak  frequency 
swing  of  1200  Mc/sec . *"* 

(2)  A  quasi-static  model  [123  of  the  effect  of  the  internal  modu¬ 
lation  describes  the  generation  of  the  FM  laser  output  spectrum*  Phase 
modulation  of  the  original  modes  of  the  free-runiiing  laser  positions  FM 
sidebands  in  the  vicinity  of  these  modes*  These  sidebands  arf^  slightly 
offset  in  frequency  from  the  laser  modes  by  a  chosen  amount  of  detxming 


•^'^Figs*  33  A  and  33  B  through  E  are  sample  inproved  versions  of  similar 
presentations  referenced  in  the  original  article* 


from  the  original  axial  node  frequency  separation (c/2L)^^  Tliese  3ide~ 
bands,  in  effect  stimulate  emission  out  of  the  same  portion  of  the  Doppler 
broadened  floiurescent  line  as  the  laser  modes,  and  therefore,  when  their 
amplituded  are  sufficiently  high  burn  a  sufficient  hole  [29]  to  quench  the 
neighboring  original  laser  modes*  Thus  the  FM  sidebands  with  their  own 
well  defined  phases  [30],  and  their  aBq>litudes  defined  by  Bessel  function 
distributions  rather  than  by  saturation  of  the  Doppler  broadened  floures- 
cent  line.  The  sidebands  originate  by  internal  phase  modulation  and  hence 
are  parametric  or  driYcn  oscillations,  and  can  be  considered  as  the  quench¬ 
ed  original  axial  modes  at  new  locations*  Thus  the  process  has  been  de- 
cribed  as  parametric  regeneration*  [9] 

Fig*  30  shows  a  diagram  of  the  spectrum  of  the  modes  when  the  laser 
is  free-running  and  when  internal  modulation  has  been  applied  at  a  fre¬ 
quency  detuned  0.1  Mc/s  from  the  fundamental  mode  beat  frequency  of  100 
Mc/s*  Also  shown  in  Fig*  30  is  the  orientation  of  the  internal  modulator 
with  respect  to  the  laser  polarization  for  the  phase  perturbation  intro¬ 
duced  in  the  cawity*  Fig.  31  b  shows  an  oscilliscope  presentation  of  a 


^^f  tiie  modulation  introduced  in  the  cavity  is  synchronous  witii  tilt  axial 
mode  spacing,  C/2L,  tite  resulting  laser  output  is  an  ensenble  of  axial 
modes  co«q>led  with  well  defined  aB|>litndes  and  phases*  The  SFPl  output 
shows  that  a  stabilisation  or  locking  has  changed  the  rapidly  fluctu¬ 
ating  modt  intensities  to  a  tiitationary  spectrum.  This  locking  phenom¬ 
enon  is  described  by  Kargrore  and  others  [27]  and  analysed  by  Di  Dome¬ 
nico  [28]*  The  AM  locked  laser  although  not  advantageous  in  the  manner 
that  the  FM  laser  is,  may  well  prore  usefhl  in  other  respects  yet  to  be 
determined* 


Fig.  30  A  diagram  o£  the  spectrum  of  the  FM  Laser 
modes  and  the  orientation  of  the  internal 
modulator  with  respect  to  fee  laser  polarization. 


similar  FM  Laser  mode  spectrum  actually  obtained* 

Harris  and  Xurg  made  use  of  a  scenting  interferometer  to  observe 
the  output  spectrum  of  the  original  PM  laser*  However  the  resolution  of 
their  instrument  was  inadequate  for  accurate  experimental  analysis*  the 
SFPI  was  therefore  constructed  to  provide  approximately  ten  to  one  im*> 
pn^vement  in  resolution  which  was  necessary  for  analysis  requirements  in 
this  program*  Experimental  application  and  results,  including  high  reso-  . 
lutiott  photographs  of  the  laser  output  during  subsequent  FM  Laser  experi¬ 
mentation,  are  presented  in  the  following  part  of  this  section* 

0*  Results  of  the  experimental  application  of  the  scanning  interferometer 
Fig*  32  shows  a  schemetic  of  the  arrangement  of  f^rperimental  appa¬ 
ratus  used  in  the  generation  and  study  the  FM  Laser*  Operation  of  the 
equipment  was  essentially  the  same  as  originally  described  by  Harris  and 
Targ  as  summarized  in  Section  7  C*  The  SFPI  was  aligned  according  to  pro¬ 
cedures  described  in  Section  4  Matchieg  to  the  Spectra  Physics  model 
116  laser  was  accoiq>lished  according  to  procedures  described  in  Section 
3  C  for  Case  I*  The  specific  matching  graphs  presented  in  Section  3  D 
were  used  to  save  considerable  calculation  and  time  for  this  matching 
situation*  Actual  matching  values  are  included  in  Table  II,  Appendix  I* 

^^Alignment  was  greatly  facilitated  by  operating  the  laser  in  an  AM 
locked  condition,  idiich  gave  a  much  more  stable  and  clear  display 
of  the  laser  iMdes*  Any  interfering  off-axis  distortion  was  readily 
discemable  and  easily  eliminated  by  alignment  control  adjustment* 


Photographs  of  oscilliscope  displays  were  obtained  during 
experimentation  with  the  FM  lAser  %rith  the  laser  operating 
under  various  stages  of  mode  control  by  the  internal  modulator* 

The  inqprovement  in  resolution  of  tlie  SFPI  constructed  over  the 
previously  available  interferometer  is  clearly  apparant  from 
a  con^arison  of  Figs*  31>(I)  and  31- (II)  which  show  free  running 
and  FM  Laser  output  spectra  as  viewed  using  the  SFPI  (I)  and 

the  previous  interferometer  (II)*  A  laical  display  of  the 

/ 

/ 

unstable  free  running  laser  modes  is  shown  in  Fig*  33a,  and 
Fig*  33f  shows  the  AM  locked  laser  mode  spectrum*  Modulation 
depth  P  is  varied  to  obtain  various  stages  of  th^FM  Laser 
as  ^hown  in  Figs*  33b  through  e»  A  typical  transition  sequence 
from  the  AM  locked  condition  to  the  FM  laser  operation  is  shown 
in  Fig*  34*  This  transition  is  dependent  on  the  amoxmt  of  detun¬ 
ing  from  the  synchronous  frequency,  i»  «*,  the  axial  mode  spacing 
cy2L.  Starting  in  the  AM  locked  position  ,  the  modulator  frequency 
is  detuned  slowly  and  the  display  observed  on  the  oscilliscope 
until  tlie  FM  Laser  operation  desired  is  achieved.  In  Fig*  35 
the  FM  Laser  operation  is  approached  from  the  free  running 
state  by  tuning  the  modulator  to^rards  the  synchronous  frequency 


II 


(a)  Free  running  laser 


(b)  PM  laser  2*0 


Pig.  51  Comparison  of  improved  resolution  in 
spectral  analysis  of  SPPI  (l)  with 
previous  observations  by  Harris  and  Targ  (II) 
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Fig .  32  A  schematic  arrangement  of  apparatus  required  for  the 
generation  and  study  of  the  FM  Laser. 


and  observing  the  laser  outpu  spectrum  stabilise  and  the  amplitudes 
and  phases  of  the  modes  take  various  FM  sideband  characteristics 
which  depend  on  the  amount  of  detuning  and  the  power  input  to  the 
modulator*  Continuing  to  tune  the  modulator  toward  the  synchro¬ 
nous  frequency  would  eventually  achieve  the  AM  locked  condition  at 
a  point  near  the  synchronous  frequency  as  determined  by  the  laser  power 
and  the  amount  of  detuning* 

Similar  high  resolution  photographs  of  the  FM  laser  output 
spectra  are  now  being  obtained  with  the  SFPl  in  the  FM  Laser  program  for 
detailed  study  and  analysis  of  the  effects  of  the  various  degrees  of 
internal  phase  perturbation  on  the  laser  output  spectrum  characteristics* 
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a#  Free  running 


b.  r  /vi.1 
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•Fig*  55  Variation  in  laser  output  spectruoi  with 
t  change  in  modulation  depth*  Center  mode 

amplitude  assigned  by  Jq(|*  }  in  typical 
IK  distribution 
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8*  Suosaiy  and  Conclusions 

A  scanning  Fabry  Perot  interferometer  was  constructed  and  evaliated 
as  a  hi^  resolution  instrument  for  spectrum  analysis  of  laser  radiation. 
Half -intensity  widths  of  the  transmitted  light  were  observed  as  lew  as 
SMCf  and  practica].  application  observations  show  better  than  ten  to  one 
in^ro'/eaent  over  previous  measurements  in  the  programs  studied.  Ifeitch- 
ing  curves  and  outlined  procedures  for  their  use  were  verified  by  the  mat^ 
successful  applications  achieved.  Working  with  the  SFPI  was  directly  a 
means  of  studying  various  laser  outputs  for  greater  variety  and  experience. 
Four  different  types  of  lasers  were  studied,  and  the  knowledge  and  ^peri- 
ence  gained  was  far  beyond  expectations*  A  brief  amount  of  time  -studying 
the  stability  characteristics  of  the  laser  gave  insight  and  app^eciatior 
for  the  prcblems  always  encountered  with  practical  laser  experimentation. 
Additional  time  might  well  have  been  spent  analysing  short  term  instabili¬ 
ties,  but  the  m  laser  program  offered  a  greet  deol  more  value  and  in¬ 
terest,  as  well  as  need  for  the  an[>lication  of  the  SFPI.  The  results 
obtained  while  applying  the  SFPI  to  study  the  FK  laser  spectral  charac¬ 
teristics  were  the  most  significant  acccHrplishment  of  this  project,  and 
best  representation  of  the  value  of  ths  iiiFPI  to  state  of  the  art  experi¬ 
mentation* 

The  SFPI  will  continue  to  be  useful  in  the  PM  program  for  addi¬ 
tional  study  including  such  fundamental  properties  as  frequency  and  angtli- 
tude  stability,  efficiency,  and  ev'^**  viore  imnortant,  in  the  development  of 
the  Super  Mode  laser  concept  [113*  The  Svjper  Hode  laser  is  the  result  of 
a  dit^ct  application  of  the  FM  laser  to  achieve  high  power  single  fre- 
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quency  light  by  modulating  the  FM  laser  output  externally  with  the  same 
signal,  exactly  180**  cut  of  phase,  as  applied  to  the  internal  modulator. 

The  high  resolution  SFPI  will  give  a  clear  indication  of  the  various 
effects  of  the  external  modulation  as  attempt  is  made  to  achieve  Super 
mode. 

Thus  to  lealize  the  full  potential  of  the  laser,  its  characteris¬ 
tics  must  be  carefully  studied  and  methods  of  accurate  control  exploit¬ 
ed  to  fullest  advantage  and  capability.  The  FM  laser  and  the  Super  mode 
laser  are  excellent  examples  of  state  of  the  art  efforts  in  just  that  di¬ 
rection.  A  slgnifiv  role  in  the  studies  of  laser  radiation  is  filled 
by  such  instruments  as  a  high  resolution  SFPI,  which  also  by  design  uti¬ 
lises  the  very  same  type  of  resonant  cavity  principles  which  originally 
contributed  to  the  successful  accomplishment  of  light  amplification.  The 
inherent  characteristics  of  the  laser  give  great  promise,  but  greater  still 
is  the  amount  of  research  and  study  required  to  achieve  an  efficient,  ef¬ 
fective  optical  coBiminications  system. 


Appendix  I  Siunmary  of  Matching  Values 

Matching  measurements  and  results  are  sunmarixed  for  the  experi¬ 
mental  applications  of  the  SFPl  during  tlie  project*  Table  I  contains 
data  for  the  Spectra  Physics  models  131  and  115  laser  applications  vhere 
the  laser  resonators  were  himispherical,  i*e*  Cases  11  and  III  as 
indicated.  For  this  cases  the  characteristic  matching  length  parameter 
f^  becomes  d2i  end  dj  is  necessarily  zero*  Table  IJ  indicates  the  data 
for  the  FM  laser  application  with  the  Spectra  Physics  model  116  laser 
operating  with  a  spherical  resonator^  i.e.»  Case  I*  Variations  in 
power  and  laser  mirror  separations  will  effect  the  output  beam  diameter 
and  the  subsequent  matching  ralues*  so  that  check  of  the  output  spot 
size  is  recommended  prior  to  following  the  data  listed  below* 
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Appendix  II 

Discussion  of  the  operation  of  the  CW  He-Ne  gas  laser 

Continuous  laser  oscillation  is  obtained  from  an  electrical  dis» 
charge  within  a  plasm  tube  containing  a  mixture  of  Helium  and  Neon  gases* 
Population  inversion  of  energy  levels  in  the  Ne  atomic  system  results  in 
stimulated  emission  of  radiation  at  6328  A*  wavelength  within  a  high  Q 

optical  resonator  consisting  of  the  plasma  tube  located  between  two 

/ 

highly  reflective  dielectric  coated  mirrors  in  the  configuration  of  a 
Fabry-Perot  etalon.  (See  Fig.  36)  The  s-implifled  energy  level  diagram  in 
Fig.  37  shows  the  atomic  energy  levels  and  the  inversion  cycle  involved  in 
the  production  of  c(dierent  oscillation  at  the  t328  A*  wavelength*  Helium 
atoms  are  energized  by  external  excitation  (DC  and  or  RF)  to  a  metastable 
energy  level  of  20*61 

Collision  occurs  between  these  energized  He  atoms  aod  Ne  atoms 
lying  at  the  ground  energy  level*  The  Ne  atoms  thus  become  energized  to 
the  level  (20*66ev),  eventually  causing  a  population  inversion  at  the 
Ne  level  relative  to  the*’ft>  level*  Upon  returning  tb  ground «  the 
level  Ne  atom  omits  a  photon  at  6328  A*  wavelength  which  in  turn  will 
stimulate  additional  emission  or  downward  transitions  of  a  similar  energy 
exchange.  Photons  traveling  along  the  axis  of  the  resonator  are  captured 
or  reflected  back  into  the  system  to  continue  to  stimxilate  additional  radi¬ 
ation  ^ich  is  of  the  same  wavelength  and  phase.  When  the  energy  gain  due 
to  excitation  is  equal  to  or  greater  tluin  losses  due  to  reflection^  dif¬ 
fraction,  and  transmission,  the  wave  is  reinforced  and  oscillations  oc- 
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laser  configuration 


cur* 


ipi»n  af  the  rediatLoa  it  traniaaitted  threap  tiw  99^ 
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Fig.  37  A  diagram  of  the  Heiiiun-Neon  energy 
levels  .electron  volts,  for  die 
6328  A°  transition. 
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